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ABSTRACT

The X-ray pulsar GRO J1744−28 is a unique source that shows both pulsations and type-II X-ray bursts, allowing studies of the
interaction of the accretion disk with the magnetosphere at huge mass-accretion rates exceeding 1019 g s−1 during its super-Eddington
outbursts. The magnetic field strength in the source, B ≈ 5× 1011 G, is known from the cyclotron absorption feature discovered in the
energy spectrum around 4.5 keV. Here, we have explored the flux variability of the source in context of interaction of its magnetosphere
with the radiation-pressure dominated accretion disk. Specifically, we present the results of the analysis of noise power density spectra
(PDS) using the observations of the source in 1996–1997 by the Rossi X-ray Timing Explorer (RXTE). Accreting compact objects
commonly exhibit a broken power-law PDS shape with a break corresponding to the Keplerian orbital frequency of matter at the
innermost disk radius. The observed frequency of the break can thus be used to estimate the size of the magnetosphere. We find,
however, that the observed PDS of GRO J1744−28 differs dramatically from the canonical shape. The observed break frequency
appears to be significantly higher than expected based on the magnetic field estimated from the cyclotron line energy. We argue
that these observational facts can be attributed to the existence of the radiation-pressure dominated region in the accretion disk at
luminosities above ∼2×1037 erg s−1. We discuss a qualitative model for the PDS formation in such disks, and show that its predictions
are consistent with our observational findings. The presence of the radiation-pressure dominated region can also explain the observed
weak luminosity dependence of the inner radius, and we argue that the small inner radius can be explained by a quadrupole component
dominating the magnetic field of the neutron star.
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1. Introduction

The transient X-ray pulsar (XRP) GRO J1744−28 was discov-
ered in December 1995 with the Burst and Transient Source
Experiment (BATSE) on Compton Gamma-Ray Observatory
(Fishman et al. 1995). It showed frequent, spectrally hard bursts
and the source was suspected to be an accreting neutron star
(NS) with type II bursts, that is, bursts originating from accre-
tion instabilities (Kouveliotou et al. 1996). Persistent pulsations
that have a period of 467 ms and subsequent spin-up confirmed
that the source is, indeed, a magnetized NS accreting from a low-
mass companion star via a disk. The binary orbital period was
measured to be 11.8 days (Finger et al. 1996). Since the source
was the first to show both bursts and pulsations, it was given
the nickname Bursting Pulsar. Attempts at observing the com-
panion are thus far inconclusive (Cole et al. 1997; Gosling et al.
2007), therefore the distance to the source is rather uncertain.
The hydrogen column density was, however, measured from
spectra to be around 5× 1022 cm−2, which is consistent with typ-
ical values for sources located in the Galactic center, and thus
the distance to the source is usually assumed to be around 8 kpc

(Dotani et al. 1996; Nishiuchi et al. 1999). For that distance, the
apparent luminosities at the peaks of major outbursts exceed the
Eddington luminosity for a NS.

D’Aì et al. (2015) find a cyclotron absorption line at 4.7 keV
in the spectrum obtained with EPIC/pn instrument on board of
XMM-Newton, indicating the surface magnetic field strength of
B = (5.27 ± 0.06) × 1011 G. The same feature is independently
discovered by Doroshenko et al. (2015) in the older BeppoSAX
data. Thus GRO J1744−28 has a magnetic field of intermedi-
ate strength when compared to other accreting magnetized NSs
(see a review by Staubert et al. 2019). This, together with the
observed super-Eddington outbursts, implies that the magneto-
spheric radius and thus the inner radius of the accretion disk
should be rather small, around 5 × 107 cm, which makes the
Bursting Pulsar a unique object to study, particularly in the con-
text of super-Eddington accretion onto a NS as a mechanism to
power ultraluminous X-ray sources.

Analysis of flux variability has proven to be a valuable tool
for the study of accretion physics. The observed variability in the
X-ray flux and therefore in the mass accretion rate is linked to the
viscous processes in the accretion disk, which may be described
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by the perturbation propagation model (Lyubarskii 1997; Kotov
et al. 2001; Churazov et al. 2001; Arévalo & Uttley 2006; Ingram
& van der Klis 2013; Mushtukov et al. 2018, 2019a). In the
case of an extremely high mass accretion rate, the flux variabil-
ity can be modified by an optically thick envelope formed by
the accretion flow covering the magnetosphere of a neutron star
(Mushtukov et al. 2017, 2019b). The resulting power spectra
of X-ray flux variability have a power-law shape, or a broken
power-law shape if the accretion disk is truncated at some point.
For instance, XRPs have a well defined inner edge of the accre-
tion disk that coincides with the magnetospheric radius. Due
to the magnetospheric truncation of the disk, the power spec-
trum continuum breaks to a steeper slope, which has an index
of around −2. The break frequency is related to the maximal
frequency generated in the disk. It was noted by Hoshino &
Takeshima (1993) that in accreting XRPs the high-frequency
break typically coincides with the frequency of regular pulsa-
tions. Revnivtsev et al. (2009) examined the power density spec-
tra (PDS) of several XRPs which are accreting in equilibrium
and found that all of the sources have a break in power law
close to the source spin frequency. In these sources, which are
believed to be close to corotation, the disk is expected to be trun-
cated at the corotation radius, where the orbital frequency of the
disk matter coincides with the pulsar spin frequency. For a more
detailed discussion about the torque equilibrium and the inner
radius see Aly & Kuijpers (1990), Lovelace et al. (1995), Li &
Wang (1999). Therefore, the break frequency can be taken to be
closely related to the Keplerian frequency of the matter at the
innermost radius.

Moreover, Revnivtsev et al. (2009) demonstrate that in
transient XRPs characterized by large variations in the mass
accretion rate, the break frequency as a function of the X-ray
flux follows the classical dependence of the Alfvén radius on
the accretion rate. Based on this connection between the break
frequency and the Keplerian frequency of the magnetospheric
radius, a novel method for determination of the magnetic field
in such sources is proposed and successfully applied to accret-
ing NSs and white dwarfs (see, e.g., Revnivtsev et al. 2010;
Tsygankov et al. 2012; Doroshenko et al. 2014; Suleimanov et al.
2019).

In this paper, we have analyzed the data obtained during the
two major outbursts of GRO J1744−28 in 1996 and 1997 to
explore the PDS of accreting magnetized NS with a compara-
tively weak magnetic field. In the light of the obtained results,
we have also attempted to generalize the result presented by
Revnivtsev et al. (2009) to the case of a radiation-pressure dom-
inated (RPD) accretion disk expected in this unique source. The
description of the data, data reduction and analysis are given in
Sect. 2. The results of the extensive timing analysis are described
in Sect. 3. In Sect. 4 we discuss the implications of our results,
and we conclude in Sect. 5.

2. Observations, data reduction, and analysis

From January 1996 to November 1997, during the first two
bright outbursts, GRO J1744−28 was observed by the Rossi
X-Ray Timing Explorer (RXTE) more or less regularly, covering
the source in a wide range of luminosities as seen in Fig. 1. We
chose Proportional Counter Array (PCA) data for our research
because of the large effective area of the instrument and its high
time resolution, which allow the construction of power spectra
over a wide frequency range with good statistics. The instru-
ment has a large field of view with a radius of 1◦, which has
the disadvantage that other X-ray sources can contaminate the

observations, especially when the source flux is low. This may
happen with GRO J1744−28 because of its location in the direc-
tion of the highly populated center of our Galaxy. Nevertheless,
the extremely high luminosity of GRO J1744−28 during the out-
bursts enables us to study its properties with certainty.

In the analysis, we have focussed on the PDS of the two
major outbursts. We exclude the “mini-outbursts” occurring after
the major outbursts from our analysis because changes in sev-
eral observational properties indicate that the conditions in the
disk-magnetosphere interaction are different: the luminosities
are lower and the type II bursting behavior becomes different
(Stark et al. 1998). Recently, a thorough classification of the
type II bursts and an analysis of the bursting behavior was pre-
sented by Court et al. (2018). In addition to those changes, the
pulse profile changes from the highly sinusoidal seen in out-
bursts (Giles et al. 1996) to a much more irregular in the mini-
outbursts, which indicates a change in the accretion geometry. It
is also challenging to separate the effect of other X-ray sources
at low luminosities because of a wide field of view.

2.1. Timing analysis

Extraction of the light curves and spectra from PCA data files
was done with tools from heasoft software package1 v. 6.19 and
following the standard procedures of RXTE Cook Book guide2.
For our analysis, the data configuration with the best time res-
olution was chosen from each observation. During the outburst
decay periods the configuration was almost entirely in the single-
bit mode in science array format, separately observed in two
energy bands (approximately 1−10 keV and 10−100 keV) and
with a time resolution of 244 µs. The single-bit mode combines
data from all the Proportional Counter Units (PCUs). The other
chosen files were mostly in the science event format with a res-
olution of 122 µs, collected over the entire RXTE/PCA energy
range, and with some of the PCUs, except PCU2, turned off
from time to time. Thus, for the science event configuration only
PCU2 data was used for consistency.

The type II bursts can be seen in the example light curve
from the peak of the first outburst shown in Fig. 2. The light
curve can be divided into three phases corresponding to a nearly
constant flux, a short-duration burst and a dip or depression with
a recovery back to the constant level. The differences between
the phases have been analyzed in the literature (see, e.g., Giles
et al. 1996). In our analysis, we have excluded different burst
phases from the light curves and concentrate only on the flat part,
because we can assume that during that phase the conditions in
the disk remain constant.

The program powspec was used to calculate the PDS from
the X-ray light curves. Discrete PDSs were calculated from 16 s
long segments of the light curves and averaged together for each
observation to get a PDS in a range of 0.0625−4096 Hz. The
PDSs were further averaged within different luminosity levels as
shown in Fig. 1. Again, we considered only the data taken dur-
ing main outbursts labelled O1 and O2. The data files in each list
given to powspec must have the same time resolution, therefore
some light curves were rebinned to match the lowest time res-
olution for the selected set of light curves. The aforementioned
single-bit configurations which were separated into two different
energy bands (channel ranges 0–23 and 24–249) were combined
to get the counts in the entire PCA energy range.
1 https://heasarc.nasa.gov/lheasoft/
2 https://heasarc.gsfc.nasa.gov/docs/xte/recipes/cook_
book.html
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Fig. 1. Long-term X-ray light curve of GRO J1744−28 with luminosi-
ties calculated in the 2.5–45 keV energy band. The horizontal dotted
lines indicate the luminosity bins, in which the PDS were averaged
together. The vertical dashed lines divide the light curve into sepa-
rate time intervals. The first and second outbursts analyzed here are
labeled O1 and O2.

The broadband PDSs were normalized to the mean count rate
squared, so that integration of the PDS gives the fractional rms
variability (Miyamoto et al. 1991). The level of the Poisson noise
was estimated by averaging the nearly flat high-frequency part
from 1000 to 3000 Hz in each PDS and then subtracted. We do
not see deadtime or instrumental effects affecting the Poisson
noise in this frequency range. The PDS from the lowest lumi-
nosity bins were excluded from the analysis due to insufficient
statistics and possible background contamination.

2.2. Spectral analysis

To calculate the luminosities, we also extracted the energy spec-
tra for all observations following standard procedures of RXTE
Cook Book guide. In a similar way to the timing analysis, spec-
tra were extracted only from the flat periods in the light curves.
Python interface to xspec, PyXspec, was used for fitting the
spectra between 2.5 and 45 keV, where the most of the flux is
observed. As spectral model we consider a power law with an
exponential high-energy cut-off and a Gaussian line, all absorbed
by interstellar matter phabs*(powerlaw*highecut+gauss). The
Gaussian component is added to account for the wide fluores-
cent iron Kα line with central energy fixed to 6.7 keV and width
to 0.3 keV (see, e.g., Doroshenko et al. 2015). The hydrogen col-
umn density was fixed to 6.2 × 1022 cm−2, the average value for
all the observations. This spectral model was used to estimate the
absorption corrected flux with the errors corresponding to statis-
tical uncertainties from the spectral fit. Source luminosity was
obtained assuming isotropic emission and the distance of 8 kpc
(see Fig. 1).

3. Results

3.1. Shape of power density spectra

Examples of the PDS at different luminosities are shown in Fig. 3.
In the major outbursts of GRO J1744−28, the shape of the PDS
differs from the standard broken power-law expected for XRPs
with gas-pressure dominated (GPD) accretion disks. Instead,
two bumps in ranges 0.1−5 Hz and 5−200 Hz are observed. The
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Fig. 2. X-ray light curve starting at MJD 50138.81 during the peak of the
first outburst showing type II bursts. Only the periods that have nearly
constant flux level were included in the analysis (white area), while the
burst and depression periods after them were excluded (dark area).

high-frequency bump is shaped approximately as a broken power-
law with indices −0.5 and −2.5 and a break around 100 Hz. The
narrow peaks corresponding to the nearly sinusoidal, regular pul-
sations at 2.14 Hz and their weaker second harmonic are seen
right in the valley between the bumps. Quasi-periodic oscillations
(QPOs) are present around 20, 40 and 60 Hz (see Zhang et al.
1996; Kommers et al. 1997). The shape of the PDS evolves with
the luminosity during the outburst decay phase. In excluded mini-
outbursts occurring after the major outbursts, the shape of the PDS
(dotted black line in Fig. 3) has changed dramatically, and can be
characterized by a broken power law similar to that observed in
other XRPs. The break in mini-outbursts appears at frequencies
nearly as high as in the major outbursts, which suggests that in
all of the outbursts, the break in PDS has a common origin. There
are also slight differences between the major outbursts. We show a
comparison of the corresponding PDSs in Fig. 4 at two luminosity
levels, L ≈ 3 × 1038 and ≈1.3 × 1038 erg s−1, where the measured
break frequency shows large discrepancy between the outbursts
(see Sect. 3.2).

3.2. Break frequency

The PDSs of GRO J1744−28 have varying shapes but the high-
frequency bump can be fit with a smoothly broken power law

P( f ) = N
( f / fb)a

[( f / fb)d(a−b) + 1]1/d , (1)

where f is the frequency variable, fb is the break frequency, a
is the exponent of the first slope, b is the exponent of the sec-
ond slope, N is a constant. The smoothness of the transition is
defined by parameter d (see Revnivtsev et al. 2009, 2010) and
was fixed at two in order to standardize how the break frequency
corresponds to the transition from one slope to another; a higher
value of d decreases the measured value of the break frequency
and vice versa. In the outbursts, three Lorentzians were included
in the model to account for the QPOs:

PQPO( f ) =
NQPO

( f − fQPO)2 + (w/2)2 , (2)

A106, page 3 of 10

https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201935507&pdf_id=1
https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201935507&pdf_id=2


A&A 626, A106 (2019)

1 10 100
Frequency [Hz]

0.001

0.01

P
o
w

e
r 

* 
fr

e
q
u
e
n
cy

 

Fig. 3. Broadband PDS of the persistent light curve corresponding
to different luminosity levels during the second outburst decay and
the first mini-outburst. The red line corresponds to the luminosity of
L = 5.0 × 1038 erg s−1, the green dashed line to L = 7.6 × 1037 erg s−1,
blue dot dashed to L = 2.5 × 1037 erg s−1. The dotted line is from the
mini-outburst at luminosity L = 8.8 × 1037 erg s−1. The PDS were log-
arithmically rebinned with respect to frequency to suppress the noise at
the highest frequencies. The dominating regular pulsations are visible
around 2 Hz. QPO features are seen around 20, 40 and 60 Hz. A PDS
component between 5 and 200 Hz is referred to as the high-frequency
bump. Note that the Miyamoto normalization was used, rebinning at
lower luminosity seemingly shifts the pulse frequency and error bars
were left out for clarity.

Table 1. Parameters of the fits to the PDSs.

L fb fQPO,1 fQPO,2 fQPO,3

(1038 erg s−1) (Hz) (Hz) (Hz) (Hz)

Outburst 1
0.74 ± 0.09 130 ± 30 18 ± 2 37 ± 2 53 ± 2
1.2 ± 0.2 140 ± 20 23.2 ± 0.7 40 ± 2 55 ± 3
1.8 ± 0.3 120 ± 20 22.5 ± 0.6 39 ± 4 47 ± 4
2.84 ± 0.02 130 ± 6 21.9 ± 0.4 38.3 ± 0.4 52 ± 2
5.0 ± 0.9 130 ± 4 19.6 ± 0.3 35.1 ± 0.2 52 ± 1
8.1 ± 0.9 141 ± 4 20.2 ± 0.3 36.1 ± 0.2 56 ± 1

Outburst 2
0.76 ± 0.08 100 ± 10 17.0 ± 0.9 30.5 ± 0.5 45 ± 5
1.3 ± 0.2 93 ± 9 18.1 ± 0.5 31.7 ± 0.6 45 ± 9
1.9 ± 0.3 111 ± 5 20.5 ± 0.4 33.5 ± 0.2 49 ± 2
3.0 ± 0.3 100 ± 3 18.0 ± 0.3 31.3 ± 0.2 49.0 ± 0.8
5.0 ± 0.7 132 ± 2 20.2 ± 0.2 36.0 ± 0.1 55.7 ± 0.5

where NQPO is a constant, fQPO is the QPO centroid frequency
and w is its width.

The fits to the observed PDSs were conducted with the
curve_fit function (non-linear least squares) of scipy.optimize
package for Python over a frequency range from 10 to 400 Hz
(see an example in Fig. 5). Because many PDSs were averaged
together, variation in the break frequency with luminosity may
have smoothed the transition. The power-law index of the second
slope also increases with luminosity, but our modeling showed
that this does not affect the break frequency measurement.
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Fig. 4. Comparison of broadband PDS of GRO J1744−28 from both
of the outbursts at two different luminosity levels where the measured
break frequencies showed large discrepancies. The red solid line is from
outburst 1 at L = (2.84 ± 0.02) × 1038 erg s−1, the blue dashed line from
outburst 2 at L = (3.0 ± 0.3) × 1038 erg s−1, the orange dot-dashed line
from outburst 1 at L = (1.2 ± 0.2) × 1038 erg s−1 and the black dotted
line from outburst 2 at L = (1.3 ± 0.2) × 1038 erg s−1. The PDS at lower
luminosities are multiplied by factor of two for better visualization.
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Fig. 5. Observed PDS of GRO J1744−28 at the peak of the first out-
burst (blue dots with error bars) and the best-fit model (red curve) in a
frequency range from 10 to 400 Hz. The model consists of a smoothly
broken power law (solid black curve) and three Lorentzians shown by
dashed, dot-dashed and dotted curves.

Break frequencies and QPO centroid frequencies for the out-
bursts are shown in Table 1. The break frequencies vary approxi-
mately between 90 and 140 Hz in the six highest luminosity bins
during the outbursts. The QPO centroid frequency, on the other
hand, remains stable with luminosity although in the second out-
burst the values seem to be somewhat lower. We note that the
power spectra are calculated from several observations which
might increase the QPO width and affect the determination of
the centroid frequencies.
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Fig. 6. Break frequencies from the fits to the high-frequency bumps
of PDSs plotted against the luminosity. Blue triangles correspond to
the first major outburst and red circles to the second major outburst.
The fits of luminosity-dependences to break frequency data from the
major outbursts are shown. The scaling constant is a free parameter in
all of the fits. For the free slope, we get an index of γ = 0.21 ± 0.02.
The confidence interval calculated from the fit scatter is also provided
(shaded gray).

The measured break frequencies as a function of luminos-
ity are presented in Fig. 6. The luminosity values are averages
of all the individual observations in each luminosity range and
the errors are their standard deviation (better describing the dis-
tribution of luminosities of individual observations within the
luminosity range than just the range limits). Some data points
at lowest luminosities were left out due to insufficient statistics.
We examined the luminosity-dependence of the break frequency
by fitting the break frequency data from both of the major out-
bursts when the behavior is expected to be similar. We used a
power-law relation fb = CLγ with three different indices: (i) γ
fixed to 3/7 (resulting from Eq. (3) by substituting Rm given by
Eq. (5)), (ii) γ fixed to 0 (Chashkina et al. 2017) and (iii) γ being
free to vary. Fitting was done using the Monte Carlo method: we
allowed the data points to vary within the given errors in both
frequency and luminosity. The slopes that were calculated with-
out taking into account the errors in luminosity give almost the
same results, and therefore, the χ2 could be calculated by using
only the errors in the break frequency. The reduced χ2 for the fits
with fixed exponents 3/7 and 0 were 15 and 16, respectively.

Allowing the slope to vary, we got γ = 0.21 ± 0.02 with still
a rather high reduced χ2 = 6.8 due to the scatter of the data
points. Therefore, we also fit the break frequencies of both out-
bursts separately. For the first outburst, we got γ = 0.06 ± 0.02
with χ2 ≈ 1.1, and for the second outburst, γ = 0.28 ± 0.03 with
χ2 ≈ 11 (due to a low number of scattered data points). Pos-
sible physical explanations for the luminosity dependence are
discussed in Sect. 4.4

4. Discussion

4.1. Inner disk radius in GRO J1744−28

The main result of the timing analysis presented above is a rather
unusual PDS which deviates strongly from that observed in nor-
mal XRPs. It is important to emphasize that the presence of

high-frequency variability in the Bursting Pulsar suggests that
the accretion disk extends close to the NS because no additional
noise is expected to be generated at frequencies higher than the
Keplerian frequency at the innermost disk radius. Our discov-
ery of the break in the high-frequency range in both the mini-
outbursts and the major outbursts can thus be connected to the
inner radius of the disk. In the perturbation propagation model,
the observed variability can be linked to the orbital velocities ω
of the disk matter. Down to the magnetospheric boundary, the
orbital velocities as a function of disk radius R are Keplerian:

f (R) = ω(R)/2π =
1

2π

√
GM
R3 , (3)

where G is the gravitational constant and M is the NS mass.
Following Revnivtsev et al. (2009), we associated the break fre-
quency with the maximal frequency of disk variability, that is,
the Keplerian frequency at the innermost disk radius. Solving
Eq. (3) we get for the radius

Rm( fb) =

(
GM

(2π fb)2

)1/3

. (4)

For GRO J1744−28, substituting the highest measured break fre-
quency of 141± 4 Hz to Eq. (4) gives a value for the inner radius
of only (6.2 ± 0.2) × 106 cm at luminosity of 8 × 1038 erg s−1.
During the peak of the outburst, the inner radius would then be
only 4–6 NS radii for the assumed M = 1.4 M�.

On the other hand, it is possible to estimate the magneto-
spheric size Rm using the magnetic field strength estimated from
the cyclotron line, assuming a pure dipole field. Equalizing the
magnetic pressure with the ram pressure of matter in a free fall
we get (Lamb et al. 1973; Frank et al. 2002),

Rm = 2.6 × 108 ξ m1/7R10/7
∗,6 B4/7

12 L−2/7
37 cm, (5)

where m = M/M� is the NS mass in units of solar masses,
R∗,6 is the radius of the NS in 106 cm, B12 is the magnetic field
strength in 1012 G and L37 is the luminosity in 1037 erg s−1. Here
it was assumed that the observed luminosity is proportional to
the mass accretion rate. An additional parameter ξ accounts for
the deviation of the accretion flow geometry from spherical.
As mass accretion rate increases, the disk is able to push itself
further into the magnetosphere and for a GPD inner disk the
inner radius decreases as Rm ∝ Lβ with β = −2/7 ≈ −0.29.
The factor, ξ, is typically assumed to be 0.5−1 (however, see
also Kulkarni & Romanova 2013; Chashkina et al. 2017, 2019).
In the Bursting Pulsar, we can compare the inner radius cal-
culated from the break frequency using Eq. (4) to the mag-
netospheric radius with Eq. (5). We fixed the magnetic field
Bcycl = 5 × 1011 G and solve for ξ. For the Rm = 6.2 × 106 cm
calculated above at L37 = 80, we get ξ ≈ 0.09, assuming m = 1.4
and R∗,6 = 1.2 (Suleimanov et al. 2017). The required value
of ξ is much smaller than obtained by simulations and analytic
models.

We note that the equation for the magnetospheric radius
given in Eq. (5) is a simplification. An additional parameter
which affects the inner radius, is the inclination of the NS mag-
netic axis with respect to the disk. Bozzo et al. (2018) examined
this effect and found that the inner radius for an inclined dipole
is smaller. Overall, the radius can vary approximately by a fac-
tor of two between the extreme cases. Therefore, inclination by
itself is not enough to explain the discrepancy in the measured
radius values, especially considering the limitations for the incli-
nation because the observed flux comes entirely from one mag-
netic pole (Strickman et al. 1996).
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The inner radius of the accretion disk of GRO J1744−28
has been estimated previously by several authors based on dif-
ferent consideration, and, in fact, the radius was often found to
be smaller than expected from the magnetic field producing the
cyclotron line. Nishiuchi et al. (1999) based on the modeling of a
broad iron line observed by ASCA satellite, obtained an estimate
of (4−12)×106 cm for the inner radius. More recently, D’Aì et al.
(2015) modeled XMM-Newton and INTEGRAL broadband con-
tinuum spectra, assuming that soft excess at kTdisk = 0.54 keV
corresponds to the maximal temperature of a multicolored disk,
and got Rin = (1.1+0.8

−0.3) × 107 cm near the peak of the outburst (at
a luminosity of 2.1 × 1038 erg s−1 for a distance of 8 kpc). The
disk model normalization, on the other hand, yielded a some-
what smaller radius of 6 × 106 cm which matches our estimates
rather well. D’Aì et al. (2015) acknowledged that these esti-
mates imply rather small inner disk radii and concluded that
ξ ≈ 0.2. Younes et al. (2015) used data from Chandra and
NuSTAR right after the peak of the 2014 outburst to study the
reprocessing region of the disk, and estimated inner radius of
Rin = (4 ± 1) × 107 cm from the blackbody component with
kT ≈ 0.6 keV. This result was consistent with their analysis of
the 6.7 keV broadened iron line. Finally, Degenaar et al. (2014)
also studied Chandra data and used the same 6.7 keV iron fea-
ture to derive a similar inner radius of 2 × 107 cm. Therefore,
although there is a significant dispersion in measured values of
inner disk radius in GRO J1744−28, all estimates tend to yield
a relatively small radius. The lower range of estimates is consis-
tent with our results and at odds with the magnetospheric radius
estimates using the observed cyclotron line energy.

One possible explanation for this discrepancy is that the mag-
netic field does not have a pure dipole configuration. Instead, it
could be deformed due to interaction with the disk, or there could
be multipole components in the NS magnetic field, affecting the
field configuration and the cyclotron line energy. The multipole
moments will decay faster with respect to distance than the pure
dipole field: for example a quadrupolar field has B ∝ R−4 (e.g.
Barnard & Arons 1982). In this case, we could have a situation
where the cyclotron line is produced close to the NS in a stronger
magnetic field affected by the multipoles, while the disk only feels
the weaker dipole field away from the NS, allowing the matter
to come closer to the NS. We note that Tsygankov et al. (2017)
invoked the same argument to explain the small magnetosphere
size in ultra-luminous X-ray pulsar SMC X-3.

We can estimate the magnetospheric radius in case of a
purely quadrupolar magnetic field. We do not take into account
the three-dimensional shape of the quadrupolar field but simplis-
tically take µq = BqR4 following Frank et al. (2002) and arrive at

Rm,q = 3.7 × 107ξqm1/11R14/11
∗,6 B4/11

12 L−2/11
37 cm. (6)

In the equation, the ξq parameter again measures the deviation
from spherical accretion and we also note that it may be dif-
ferent from the dipole case because the quadrupolar magneto-
sphere probably resists deformation more than the dipole. For
the Bursting Pulsar at L = 8 × 1038 erg s−1, taking ξq = 1, we get
Rm,q = 1.7×107 cm which corresponds to a Keplerian frequency
of ∼30 Hz that is still a factor of a few lower than the observed
break frequency. Hence, ξq as small as ≈0.4 is still required to be
consistent with the data.

Alternatively, one can assume that the effective magneto-
spheric radius is indeed small compared to Alfvénic radius.
Indeed, there is a large uncertainty in value of the coupling con-
stant ξ resulting from uncertainty in the accretion disk structure.
The fact that the observed PDS shape deviates from the broken

power law commonly observed in other XRPs, strongly suggests
that the structure of accretion disk inner regions might indeed be
different in GRO J1744−28. This scenario is discussed in detail
below.

4.2. Disk-magnetosphere interface

In this section, we discuss the structure of the accretion disk and
some of the consequences of high luminosity in GRO J1744−28.
First of all, it is important to emphasize that the observed high
frequency variability implies that the disk extends very close to
NS surface, which is to be expected given the moderate field of
the source. This, together with the observed high luminosity of
the source, implies that the inner edge of the disk must be in the
zone A of the standard Shakura-Sunyaev accretion disk (Shakura
& Sunyaev 1973). Thus the inner regions would be RPD instead
of GPD, which can be expected also to have some impact on
the observed break frequency and PDS shape in general. The
difference in the PDS shape between the mini-outburst and the
major outburst is perhaps an indication of such a change in the
physical properties of the system.

The transition from zone C (opacity dominated by absorp-
tion) to zone B (electron scattering dominating region) happens
at a radius

RBC = 5 × 107m1/3Ṁ2/3
17 cm, (7)

where Ṁ17 is the mass accretion rate in units of 1017 g s−1. Here
solar chemical composition is assumed and the opacities are
taken to be independent of the height with their characteris-
tic values in the disk (Suleimanov et al. 2007). The boundary
between GPD and RPD zones can be estimated from the balance
between gas and radiation pressures in the disk:

RAB = 107m1/3Ṁ16/21
17 α2/21 cm, (8)

where α . 1 is the viscosity parameter of a Shakura-Sunyaev
disk, and as in Eq. (7). Some uncertainty is related to this esti-
mate because of the uncertainty in the chemical abundance.
Rappaport & Joss (1997) showed in their evolutionary modeling
that it is also possible for the companion to be a small helium-
rich star, which would mean a helium-rich composition of the
disk (cf. Gosling et al. 2007). However, this composition reduces
the boundary radius of zone A by only 15%, and as such the
change is not large enough to affect our analysis.

The threshold luminosity for the appearance of zone A, LA,
can be estimated from the condition that the inner radius Rm
given by Eq. (5) equals RAB (see also Andersson et al. 2005):

LA = 3 × 1038ξ21/22α−1/11m6/11R7/11
∗,6 B6/11

12 erg s−1. (9)

In the case of GRO J1744−28, we get an estimate for the thresh-
old to be LA = 1.8× 1038 erg s−1 for B = 5× 1011 G, α = 0.1 and
ξ = 0.5. We note that the threshold depends strongly on the value
of ξ, so for a smaller ξ = 0.1, we get LA = 0.4× 1038 erg s−1. We
have also assumed the NS mass of 1.4 M� and radius of 12 km
(Steiner et al. 2016; Lattimer & Prakash 2016; Nättilä et al.
2017). In both of the outbursts we examined, the source lumi-
nosity reaches values which are several times above the thresh-
old luminosity. Consequently, we expect the accretion disk in
GRO J1744−28 to have a RPD inner region.

The estimates for the boundary radii between zones A, B
and C, which are independent of the magnetic field strength,
are illustrated in Fig. 7 for different luminosities. We also show
the magnetospheric truncation radius which is estimated for the
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Fig. 7. Schematic slices of the accretion disk in radial direction at differ-
ent accretion luminosities. Different zones are named and the corotation
radius for GRO J1744−28 is shown with the dashed line. Here we have
assumed m = 1.4, R∗,6 = 1.2, α = 0.1 and B = 5× 1011 G. The observed
magnetospheric truncation radii in the RPD region for GRO J1744−28
are shown with the black circles (see Sects. 3.2 and 4.1). The truncation
radius depends on luminosity as ∝L−0.1 (the boundary between blue and
gray regions). The dotted line shows the model truncation radius com-
puted using Eq. (5). The parameter ξ is taken to be 0.05 to smoothen the
transition from the observed truncation radius in the RPD region.

Bursting Pulsar by assuming that the observed break frequen-
cies are the Keplerian frequencies of the inner radius. With
this assumption, we see that the estimated inner radius is in
the zone A. The luminosity-dependence of the inner radius is
not based on theoretical models, but rather, a free power-law
fit to the data points, resulting in a slope of −0.1. When we
extrapolated the estimated inner radius of the RPD region to
lower luminosities with the observed luminosity-dependence,
we saw that the zone A would exist in the disk above a thresh-
old of L ≈ 2 × 1037 erg s−1 for α = 0.1. The observed thresh-
old luminosity is low and suggests that either the ξ parameter
must be much lower than 0.5 or that the magnetic field does not
behave as expected. The shape of the PDS in major outbursts
supports the presence of a RPD region at least down to these
luminosities. Interestingly, in the decay phases of the major out-
bursts of GRO J1744−28, the bursting halts when the luminosity
approaches this observed threshold.

Indeed, Court et al. (2018) examine the bursting behavior and
find that the typical type II bursts (similar to those seen in Rapid
Burster) only appear above a threshold of 0.1LEdd corresponding
to 2×1037 erg s−1 for a distance of 8 kpc, while below this thresh-
old, the bursting behavior is different. This luminosity is in good
agreement with our observational estimate of the threshold for
the occurrence of the RPD inner disk region. Ji et al. (2019) ana-
lyzed the spectral hardness-flux diagram and the hard X-ray lags
and found that there is a transition in their properties at luminos-
ity of 8 × 1037 erg s−1, which they associate with a change of the
accretion geometry. We note that below that luminosity, the post-
burst dips become shallower compared to the dips at the peak of
outbursts, probably indicating that the size of the burst reservoir
has decreased.

4.3. Modeling PDS of a disk with a RPD inner region

According to the model of propagating fluctuations of the mass
accretion rate (Lyubarskii 1997; Kotov et al. 2001; Churazov

et al. 2001; Arévalo & Uttley 2006; Ingram & van der Klis 2013;
Mushtukov et al. 2018, 2019a), the disk produces the initial fluc-
tuations, while the viscous properties of the disk determine the
propagation process and the final properties of aperiodic vari-
ability over the entire accretion flow. The diffusion process effec-
tively suppresses high frequency variability and, as a result,
each radial coordinate in the disk contributes effectively only
to variability below local viscous frequency. The viscous prop-
erties of the disk are described by the kinematic viscosity ν,
which is assumed to be a function of radial coordinate only.
This assumption is justified as, especially for α disks of con-
stant α-parameter (Blaes 2014) where gas pressure and Kramer
opacity dominate (C-zone), the scale-height is H/R ∝ R1/8

and therefore the kinematic viscosity is a function of radius
only ν = αΩKR2(H/R)2 ∝ R3/4 (Shakura & Sunyaev 1973;
Mushtukov et al. 2018.

At high mass-accretion rates, however, the inner part of accre-
tion disk becomes RPD. The dependence of the thickness of the
accretion disk on the radial coordinate is different from that in
the GPD part, with the thickness being almost independent of
radius (Shakura & Sunyaev 1973). Thus, the dependences of the
kinematic viscosity and viscous timescale on radius become dif-
ferent. In particular, the viscous time scale becomes shorter and
viscous diffusion is expected to suppress less effectively the ini-
tial variability at high frequencies. Therefore, one would expect
an appearance of an excess of aperiodic variability power at high
frequencies in accretion disks with RPD inner parts3.

In order to illustrate the effect arising from the appearance of
a region with higher viscosity in accretion disk, we must inves-
tigate the process behind the formation of PDS. The process of
matter diffusion along the radial coordinate R in accretion disk
is described by the viscous diffusion equation

∂Σ(R, t)
∂t

=
1
R
∂

∂R

[
R1/2 ∂

∂R

(
3νΣR1/2

)]
, (10)

where Σ is the local surface density in accretion disk (Pringle
1981). If the kinematic viscosity ν is a function of radius only,
Eq. (10) is linear and its solutions can be expressed through the
Green’s function G(R,R′, t). They depend on the viscosity ν and
the boundary conditions at the inner and the outer disk radii, Rin
and Rout.

The PDS of the mass accretion rate is determined by aperi-
odic variability arriving to a given radius R from all other radial
coordinates R′ (Mushtukov et al. 2018)

PṀ(R, f ) '
∫ Rout

Rin

dR′

(R′)2 ∆R(R′) |ḠṀ(R,R′, f )|2 Pa(R′, f ), (11)

where f is the Fourier frequency, PṀ(R, f ) and Pa(R, f ) are the
PDSs of the mass accretion rate variability and the initial pertur-
bations at radius R, ∆R(R′) is the radial scale where the initial
perturbations can be considered as coherent (close to the local
disk scale height H, see Hogg & Reynolds 2016), ḠṀ(R,R′, f )
is the Fourier transform of the mass accretion rate Green’s func-
tion of the viscous diffusion equation (see e.g. Kotov et al. 2001;
Mushtukov et al. 2018, 2019a). The absolute value of the Fourier

3 We should notice that the question about stability of RPD part of accre-
tion disk is still open. The standard RPD disks have been shown to be
unstable (Shakura & Sunyaev 1976), but the instability predicted in the-
ory has never been detected (Done et al. 2007). At the same time, it has
been shown that the aperiodic variability by itself can principally sta-
bilize RPD accretion flow (Suková & Janiuk 2016). See also Cannizzo
(1996, 1997) discussing the bursts of GRO J1744−28.
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Fig. 8. Absolute value of the mass accretion rate Green’s functions in
the frequency domain calculated (a) for the case of GPD α-disk (red
solid curves), and (b) for the case of accretion disk with increased kine-
matic viscosity at the inner disk parts (black dashed curves). Different
curves are given for various radial coordinates of initial perturbation:
R′ = 20, 10, 5, 3, 2Rin (from left to the right). All Green’s functions are
calculated for R = Rin, that is, they describe suppression of variability
at the inner radius of the accretion disk. Frequencies are normalized to
the viscous frequency at the inner radius.

transform of the Green’s function contains information about
suppression of variability at different frequencies.

For illustration, it is interesting to consider two accretion disk
models with similar boundary conditions at the inner and outer
radii, but different dependence of the kinematic viscosity on the
radial coordinate: (a) ν ∝ R3/4. This is typical for the C-zone in
α-disks, and (b) accretion disk with the inner part of higher kine-
matic viscosity:ν = constant at R < 5Rin andν ∝ R3/4 at R ≥ 5Rin.

Numerically solving the equation of viscous diffusion (10),
where the initial distribution of the surface density is given by the
δ-function, we get the Green’s functions for the mass accretion
rate and their Fourier transform (see Fig. 8). We see that the sup-
pression of variability at high frequencies is indeed less effective
in the case of accretion disk with the inner part of higher kine-
matic viscosity. The difference in suppression is more evident
if the initial variability originates from the region of increased
viscosity. As a result, we can already conclude that increase of
kinematic viscosity in the inner parts of accretion disk can lead to
less effective suppression of the high-frequency variability and,
therefore, increased aperiodic variability at high frequencies.

Examples of the modeled PDS for a disk with a RPD inner
region are shown in Fig. 9. They were done for different sizes of
RPD zone while the inner radius was kept constant. The mod-
eling results reveal that the variability is dominated by the RPD
inner disk. There are two components of power: a bump at low
frequencies that depends strongly on the size of the RPD region
and a bump at high frequencies with a roughly constant power.
We see that the model PDSs provide good qualitative match to
the observation ones (see Fig. 3).

Interestingly, the variability at low Fourier frequencies
(below ∼10 Hz) in GRO J1744−28 is suppressed at high mass
accretion rates and the suppression starts as soon as type-II bursts
start to appear in the light curve of the source. We note that
numerical simulations of accretion instability of RPD part of
a disk (Cannizzo 1997) show an appearance of QPOs, which
finally end up in a type-II burst. Typical time scale of the oscil-
lations is tosc ∼ 10−20 s. We suggest that these oscillations sup-
press the fluctuations of the mass accretion rate at frequencies
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Fig. 9. PDS modeled for a disk with a constant inner radius and a RPD
zone with outer radius RAB. Frequencies are normalized to the viscous
frequency at the inner radius. We associated the increase of the RPD
zone size with the increase of the luminosity as given by Eq. (8). For
comparison with observed PDS, see Fig. 3.

below 1/tosc originating from the outer parts of the accretion
disk. As a result, the fluctuations observed at high mass accre-
tion rates in GRO J1744−28 are produced predominantly in the
inner RPD disk.

At the highest luminosities, the changes in the shape of the
low-frequency bump suggest that some additional processes at
the outer edge of the RPD region shape the variability. The sta-
bility of the turn-over around 1 Hz and the high-frequency QPOs
remain without an explanation within the framework of the sim-
plified model.

As noted above, the location and the shape of the high-
frequency bump in the model PDS remain almost the same when
the inner radius is fixed. The constant high-frequency edge con-
firms the assumption that there is no added noise above the max-
imal (Keplerian) frequency generated at the inner radius. Thus
it is justified to relate the break frequency to the Keplerian fre-
quency of the inner radius even in the RPD part of the disk.

One complication to the observed variability may come
from the hypothesized phenomenon of photon bubbles. They
are thought to occur in both the accretion mound or column
(see, e.g., Pringle & Rees 1972; Klein et al. 1996), and in the
RPD region of the disk (e.g. Gammie 1998; Begelman 2006).
However, there has been no clear evidence of their presence in
PDS (Revnivtsev & Mereghetti 2015). Moreover, at least for the
accretion column, the timescales are most likely outside the fre-
quency range we examine, so we consider the scenario outlined
above more plausible.

4.4. Evolution of the inner disk edge

As the luminosity increases, the inner radius derived from the
Alfvén radius decreases as Rm ∝ L−2/7 (see Eq. (5)). If the
break frequency is associated to the Keplerian frequency at the
magnetospheric radius, we get the break frequency luminosity-
dependence fb ∝ R−3/2

m ∝ Lγ with γ = 3/7 ≈ 0.43. In
GRO J1744−28, however, the measured dependence of γ =
0.21 ± 0.02, deviates from this classical relation. To the best
of our knowledge, such a weak luminosity-dependence has not
been observed before. The behavior between the outbursts may
also be different; in the first outburst, the break frequency actu-
ally appears to be almost independent of the luminosity.

A106, page 8 of 10

https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201935507&pdf_id=8
https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201935507&pdf_id=9


J. Mönkkönen et al.: Radiation-pressure dominated accretion disk in GRO J1744−28

The magnetospheric radius and its luminosity-dependence
have been long discussed in the literature. A series of papers
by Ghosh et al. (1977) and Ghosh & Lamb (1979a,b, 1992)
has become rather influential in the field of XRPs. In the con-
text of an accretion disk truncated in the RPD zone, White &
Stella (1988) gave γ = 0.23 based on a model by Ghosh &
Lamb. This theoretical dependence appears to be rather close
to our measurement, but the choice of high magnetic diffusivity
by Ghosh & Lamb has been questioned by Wang (1995). More-
over, Bozzo et al. (2009) compare the models by Ghosh & Lamb
and Wang, and commented that the observations are not in good
agreement with the magnetospheric radius behavior predicted in
either of the theories. They concluded that although the Wang
model is an improvement to the Ghosh & Lamb model, it still
has its own caveats due to which it cannot be straightforwardly
applied.

More recently, Chashkina et al. (2017, 2019) have examined
super-Eddington accretion onto magnetized NSs and found that
in the RPD regime, the magnetospheric radius becomes almost
independent of the mass accretion rate and larger than an inner
radius expected for a GPD regime. In particular, Chashkina et al.
(2019, see their Fig. 14) model gives a power-law dependence of
Rm on luminosity with index δ in the range between −0.15 and
−0.04 for a dipole field and RPD inner disk, which would trans-
late to γ ≈ 0.06−0.22 consistent with the measured values. We
note, however, that all aforementioned studies give ξ an order of
magnitude larger than that inferred from the PDS break frequen-
cies assuming that they are Keplerian.

As discussed in Sect. 4.1, the magnetic field configuration
affects the inner radius as well. If the NS magnetic field is purely
quadrupolar, the Keplerian frequency at the disk inner GPD
radius scales with luminosity with γ = 3/11 ≈ 0.27, slightly
deviating from what we observe. On the other hand, A small
value of ξq may result from the specific field configuration hav-
ing small values close to the orbital plane and allowing the disk
to penetrate closer to the NS surface.

A weak dependence has also been found in the accretion disk
simulations of Kulkarni & Romanova (2013) with γ = 0.3. As a
possible cause for such a dependence these authors mention the
deformation of the magnetosphere by the accretion disk.

5. Conclusions

We examined the RXTE observations of the Bursting Pulsar
GRO J1744−28 and investigated how the PDS can be used as an
independent method to examine the accretion disk properties of
this source which has high luminosity and an intermediate mag-
netic field. We note that the observed PDS has a peculiar shape
consisting of two bumps, thus deviating from a continuous power
law from low to high frequencies predicted by perturbation prop-
agation model for a gas-pressure dominated (GPD) accretion
disk. The presence of strong variability at high frequencies indi-
cates that the disk extends close to the NS surface. In this case,
the disk should have a radiation-pressure dominated (RPD) inner
region, which would affect the generation of variability in the
disk. We modeled PDS using the perturbation propagation model
for a disk with a RPD inner region and showed that during the
major outbursts of GRO J1744−28, the model PDSs are indeed
in qualitative agreement with the observed ones. This suggests
that the RPD region is present throughout the main outburst
decay phase, but not in the mini-outbursts that follow. We note
that a similar phenomenology is expected to be observed in ultra-
luminous X-ray sources hosting NSs as compact object and the

hypothesis outlined above can be tested with high quality obser-
vations of these objects.

We measured the PDS break frequency as a function of lumi-
nosity during both outbursts, and found a flatter dependence of
the magnetospheric size on the luminosity than expected for a
GPD disks. Associating the observed PDS high-frequency break
with the Keplerian frequency of the inner radius of the disk
truncated by the NS magnetic field, allowed us to estimate the
inner disk radius which turned out to be much smaller than that
expected for the dipole magnetic field of the strength determined
from the cyclotron line. Both small inner radius and its weak
dependence on the luminosity can be explained by the magnetic
field dominated by the quadrupole component and truncating the
disk in the RPD region of the disk. Further research, both obser-
vational and theoretical, is required to form a coherent picture of
the system and the way in which it relates to other X-ray pulsars.
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